Background: Left atrial size is prognostically important in dogs with myxomatous mitral valve disease (MMVD). Hypothesis/Objectives: To compare the level of agreement in identification of left atrial enlargement (LAE) between the left atrial-to-aortic root ratio (LA : Ao) and left atrial volume using the biplane area-length method indexed to body weight (LA Vol/BW).
M yxomatous mitral valve disease (MMVD) is the most common acquired heart disease in dogs. 1, 2 Typically, MMVD is slowly progressive, and many affected dogs never develop congestive heart failure. 3 One of the most important predictors of progression of MMVD is increased left atrial size. 3, 4 The degree of left atrial enlargement (LAE) is reflective of both the chronicity and severity of mitral regurgitation (MR). 3 Given the prognostic relevance of LAE, it is important to determine which of methods used to assess left atrial size is most useful in the clinical evaluation of patients with MMVD. Currently, the most commonly used method to quantify left atrial size in veterinary medicine is the 2-dimensional (2-D) left atrial-to-aortic root ratio (LA : Ao), which provides a body weightindependent measurement of left atrial size. 5, 6 An alternative method for assessing left atrial size is measurement of left atrial volume. Volumetric assessments are based on dimensions obtained from multiple planes and may detect chamber enlargement with greater sensitivity than the LA : Ao, which is determined by a single linear atrial dimension. In human medicine, there has been a paradigm shift in the assessment of the left atrium, such that left atrial volume has become the standard for assessment of left atrial size, whereas linear dimensions used for quantification of left atrial size have fallen out of favor. 7 In addition to 2-D echocardiography, real-time 3-dimensional (RT3-D) echocardiography, cardiac magnetic resonance imaging (CMR), and multi-slice computed tomography (MSCT) also have been investigated for their utility in measuring left atrial volume. Although there appears to be good correlation among the various imaging techniques, absolute volume differs by technique, with volumes measured by echocardiographic methods generally being smaller than volumes obtained with CMR or MSCT. [7] [8] [9] [10] [11] [12] [13] In veterinary patients, the requirement of general anesthesia for either MSCT or CMR imaging is an important drawback, especially for patients with advanced or decompensated 2 If left atrial volume assessed by 2-D echocardiography were to be superior to LA : Ao in predicting clinical status or assessing the severity of MR, it could improve ability to accurately gauge long-term prognosis at presentation. The use of left atrial volume derived from 2-D echocardiographic dimensions to assess left atrial size in dogs with MMVD has not been investigated extensively. A recent study suggested 0.92 mL/kg as the upper limit of normal for left atrial volume obtained by the biplane area-length method indexed to body weight. 14 The aims of this study were (1) to propose a cut-off for normal left atrial volume by 2-D echocardiographic assessment using the biplane area-length method in normal dogs and (2) to compare the level of agreement in identification of LAE between LA : Ao and left atrial volume using the biplane area-length method in dogs with different stages of MMVD. Our hypothesis was that left atrial volume would be superior to LA : Ao in identification of mild LAE.
Materials and Methods
Healthy dogs owned by faculty, staff, and students of Virginia Maryland Regional College of Veterinary Medicine (VMRCVM) and healthy dogs presented for prebreeding cardiac screening to both the VMRCVM and the Kansas State University Veterinary Teaching Hospital (KSUVTH) made up the control group. Each of these dogs was judged to have normal cardiovascular status based on physical examination, Doppler blood pressure measurement, a and complete echocardiographic examination. Evaluations were performed with approval of the Virginia Tech Institutional Animal Care and Use Committee. Doppler blood pressure measurements were performed in accordance with published recommendations. 15 Standard M-mode, 2-D, and Doppler blood flow measurements were performed with continuous ECG monitoring in right and left lateral recumbency using an ultrasound unit b equipped with 1.5-10 MHz phased array transducers. Exclusion criteria included the presence of a left apical systolic heart murmur or midsystolic click on physical examination, more than trivial MR or mitral valve prolapse identified by echocardiography, or any evidence of cardiovascular or systemic disease expected to affect cardiovascular function.
The study group comprised client-owned dogs presented to the VMRCVM Veterinary Teaching Hospital or the KSUVTH for evaluation of MMVD. All patients had complete echocardiographic evaluation and measurement of Doppler blood pressure. Thoracic radiographs were obtained if clinically indicated. The diagnosis of MMVD was based on the echocardiographic identification of mitral valve thickening or prolapse, typically in combination with the presence of MR.
In all dogs, left atrial volume was calculated using the biplane area-length method 16 from the left apical 2-and 4-chamber views (Fig 1) at the end of ventricular systole. End-systole was defined as the frame immediately preceding opening of the mitral valve. Briefly, the endocardial border of the left atrium was traced to obtain atrial areas in both the left apical 4-chamber (A1) and 2-chamber (A2) views. The left auricular appendage and the confluence of the pulmonary veins were excluded, and the boundary of the left atrium and left ventricle was delineated by a straight line drawn from hinge point to hinge point across the mitral valve annulus. The length of the left atrium (L) was defined as the perpendicular distance from the midpoint of the delineation between atrium and ventricle to the dorsal aspect of the left atrial wall on the left apical 4-chamber view. Left atrial volume was calculated using the equation [0.85 9 A1 9 A2]/L and was indexed to both body weight and body surface area.
16 All measurements were repeated on 3 consecutive cardiac cycles and averaged. Average values were used in the statistical analysis. The LA : Ao was measured as previously reported 5 and expressed as the average of 3 consecutive measurements. One operator (SW) conducted measurements on all dogs. In addition, the images from a randomly selected subset of 6 control dogs were measured again by operator SW 1 week after the original measurements and also by a second operator (MB). These data then were used to assess intra-operator repeatability (ie, within-operator variability) and inter-operator reproducibility (ie, between-operator variability) of the area-length method.
All patients were classified based on the ACVIM staging system. 17 Specifically, Stage B1 dogs were defined as asymptomatic patients with vertebral heart score (VHS) < 10.5, LA : Ao < 1.5 and normal left ventricular end-diastolic dimensions based on previously published reference intervals, 18 whereas Stage B2 dogs were defined as asymptomatic patients with either VHS > 10.5 or echocardiographic evidence of increased left ventricular end-diastolic dimensions or LA : Ao > 1.5. Patients also were classified based on our own echocardiographically derived MR severity scoring system (outlined in Table 1 ) to assess overall disease severity using parameters other than left atrial size. The chosen parameters have been utilized previously for assessment of the severity of MR and included the area of the regurgitant jet assessed with color Doppler, 19, 20 the peak velocity of the transmitral E wave, 3 ,21 left ventricular internal dimension at enddiastole, 22 the anatomy of the mitral valve leaflets, 3, 23 and the density of the continuous wave Doppler MR signal. 24 Individual scores assigned for each of the echocardiographic parameters were summed to obtain the mitral regurgitation severity score (MRSS). Although based on established echocardiographic parameters, this composite measure of disease severity has not been clinically validated in veterinary patients. The scores are presented only to provide additional descriptive data related to the severity of MMVD.
Statistical Analyses
A multiclass ROC analysis was conducted to estimate the multiclass area under the curve (AUC) and to classify the MRSS based on either LA : Ao, LA volume indexed to body weight (LA Vol/BW) or LA volume indexed to body surface area (LA Vol/BSA). An estimate of the multiclass AUC provides a measure of classification performance for each of the selected predictors to accurately separate the 4 classes of the MRSS (normal, mild, moderate, and severe). The estimated multiclass AUC for LA : Ao was 87.6%, for LA Vol/BW was 91.9% and for LA Vol/BSA was 87.0%. Although these AUC estimates show similar numerical magnitudes, no formal testing was conducted because statistical approaches to multiclass classification problems represents an active area of research for which the development and validation of statistical methodologies is ongoing. For this study, LA : Ao was considered the reference standard and further comparisons were conducted using LA Vol/BW, which showed the best classification performance of the 2 LA volumetric assessments.
Patients were classified as having either a normal or enlarged left atrium based on LA : Ao and LA Vol/BW. For LA : Ao, the accepted clinical threshold of 1.5 4,25 was utilized as the upper limit and cut-off between normal left atrial size and LAE. For LA Vol/BW, the empirical distribution of LA Vol/BW in the control group was evaluated to determine an upper normal threshold and cut-off between normal left atrial size and LAE. Classification agreement for LAE between LA : Ao and LA Vol/ BW was evaluated using a McNemar test of symmetry for 2 9 2 frequency tables.
A linear mixed model approach was used to quantify sources of random variability in the assessment of LA Vol/BW. The statistical model included random effects for patient, operator and residual; the latter 2 terms allowed for assessment of between-operator reproducibility and within-operator repeatability, respectively, following a standard gauge repeatability and reproducibility (GR&R) approach.
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Results
Twenty-two dogs with normal cardiovascular status of 12 different breeds were enrolled in the control group. Ten dogs were of mixed breed origin, 2 were Beagles, and the remaining 10 breeds were represented by 1 dog each. The mean age of the control group was 4.6 years (range, 1.5-8.2 years) and mean weight was 17.4 kg (range, 4-37.1 kg).
Sixty client-owned dogs with MMVD were enrolled in the study group. Twenty-seven breeds were represented, with the most common breeds being Cavalier King Charles Spaniel (n = 9), Toy Poodle (n = 5), Pomeranian (n = 4), Shih Tzu (n = 3), Yorkshire Terrier (n = 3), and Labrador Retriever (n = 3). The mean age of this group was 10.5 years (range, 5.4-19.5 years) and mean weight was 13.7 kg (range, 3.5-51.5 kg). On average, animals in the study group were older than those in the control group (P < .0001), whereas there was no evidence for differences in body weight between the groups (P = .19). Within the study group there were 20 dogs classified as ACVIM stage B1, 25 classified as stage B2 and 15 classified as stage C. Of the 25 dogs classified as stage B2, 23 dogs were identified as having left heart enlargement based on echocardiographic parameters and 2 dogs were identified as having left heart enlargement based on radiographic parameters. The 2 dogs with radiographic enlargement included a Cavalier King Charles Spaniel with a VHS of 11.9 and a Shih Tzu with a VHS of 10.9. Seventeen of the study group patients had a mild MRSS, 20 patients had moderate scores and 13 had severe MRSS scores.
The empirical distribution of LA Vol/BW in the control group is summarized in the histogram presented in Figure 2 . The mean LA Vol/BW of the control group was 0.88 mL/kg, and the median was 0.89 mL/kg. The 95th percentile value of LA Vol/BW was 1.07 mL/kg; this also was the second-to-last largest observed value. Thus, a cut-off of 1.1 mL/kg (after rounding) was set as a reasonable upper working limit LA Vol/BW in normal dogs. Based on this cut-off, LA Vol/BW identified LAE in 12 patients in the study group in which LA : Ao was considered normal. The diagnostic disagreement between LA : Ao and LA Vol/BW for identification of LAE was significant (P = .00012), as illustrated by the scatterplot in Figure 3 . Of the 12 patients with discrepant diagnoses, 7 were ACVIM stage B1 and 5 were stage B2. Three of the stage B2 patients were classified as such based on increased echocardiographic left ventricular dimensions, whereas 2 of them had been identified as having cardiomegaly radiographically but had a normal LA : Ao and normal echocardiographic left ventricular dimensions. All 5 of the B2 patients and 3 of 7 of the B1 patients with discrepant diagnoses had a moderate MRSS, whereas the remaining 4 of 7 B1 patients had a mild MRSS. No diagnostic discrepancies between LA : Ao and LA Vol/BW were observed in dogs with a severe MRSS. Additionally, there were no cases that had LAE based on LA : Ao in which LA Vol/BW exceeded our cut-off of 1.1 mL/kg. For normal patients, most of the variation in the measurement of LA Vol/BW was attributed to variability among dogs. More specifically, the dog-to-dog variation accounted for approximately 90.8% of the total variability in measurement of LA Vol/BW, as indicated by the ratio of the corresponding variance component estimates (ie, between-dog variance over total variance) and amounted to an estimated standard deviation of 0.45 mL/kg of LA Vol/BW among normal dogs. The remainder of the dispersion was explained by variability between operators (approximately 5.1%) and by measurement error of a single operator over repeated measures (approximately 4.1%).
After accounting for dog-to-dog variability, we assessed repeatability and reproducibility of LA Vol/ BW measurements using corresponding variance component estimates.
26 Intra-operator repeatability refers to the proportion of the variability explained by repeated measurements taken by the same operator on a given dog and characterizes the variability within operators. It is also referred to as measurement error. After accounting for variability among dogs, repeatability for LA volume within operator was estimated as the ratio of the between-operator variance and the sum of the between-and within-operator variances. Estimated within-operator repeatability in LA Vol/BW observations was approximately 55.6%, such that measurement error on LA Vol/BW among repeated measures taken by the same operator was characterized by an estimated standard deviation of approximately 0.10 mL/kg. This value characterizes measurement error and was obtained as the square root of the estimated withinoperator variance component.
In turn, reproducibility between operators in LA Vol/ BW measurements was estimated at approximately 44.4% after accounting for dog-to-dog variation. Reproducibility quantifies the relative contribution of measurements by multiple operators to the overall variability in measurement of LA Vol/BW, after taking into consideration between-dog variance. On average, the estimated standard deviation between operators was approximately 0.11 mL/kg of LA Vol/BW. This value was obtained as the square root of the estimated between-operator variance component.
Dogs were the primary source of variability in the measurement of LA Vol/BW and explained >90% of the variability. After accounting for dog-to-dog variability, the point estimate for repeatability within operators was larger than that for reproducibility between operators, and both point estimates were very similar (55.6% versus 44.4%, respectively). These estimates support the consistency of measurement of LA Vol/BW by different operators, because the relative magnitude of the variability caused by multiple operators was not any larger than the proportion of the variability observed when a single operator was collecting repeated measurements. In addition, the magnitudes of the variance component estimates for between-operator (ie, [0.11 mL/kg] 2 ) and within-operator variability (ie, [0.10 mL/kg] 2 ) were small.
Discussion
This study identified a significant diagnostic disagreement between LA Vol/BW as determined by the biplane area-length method and LA : Ao in identification of LAE in the dog. Specifically, LA Vol/BW was superior to LA : Ao in identification of mild LAE. The ability of volumetric methods to account for enlargement of the left atrium in more than just 1 dimension may explain why LA Vol/BW identified LAE in a subset of dogs that was not identified by LA : Ao. A unidimensional measurement of left atrial size must reflect a consistent relationship with the other dimensions of the left atrial chamber in order to accurately reflect true left atrial size. 27 In humans, physical constraints imposed by the sternum and spine limit the amount of LAE that can occur in the anteroposterior dimension, thus this single dimension may underestimate true atrial size. 28 Similarly, limitations specific to canine anatomy or simple variability from individual to individual may contribute to asymmetric enlargement of the left atrium in the dog. This is further supported by our finding that most of the variability observed in LA Vol/BW measurements was explained by dog-specific factors (ie, dog-to-dog variance).
In both human and veterinary cardiology, multiple echocardiographic methods have been used to quantify left atrial size including M-mode linear dimensions, 2-D linear dimensions, left atrial areas and left atrial volumes. As of 2005, the American Society of Echocardiography established left atrial volume measured by either the biplane area-length method or the biplane Simpson's method of disks as the standard for left atrial size assessment. 16 The shift toward biplane volumetric assessment is based on the superiority of these measurements as prognostic markers and predictors of future cardiovascular risk in people, [29] [30] [31] as well as their correlation with various imaging modalities. [9] [10] [11] 13 Recent work in people suggests that, relative to the biplane Simpson's method of discs, the biplane area-length method may provide superior estimates of left atrial volume. 8 The MRSS system developed for this study was based on previously published recommendations for echocardiographic evaluation of the severity of native valvular regurgitation in humans, 24 with modifications to simplify the scoring system in such a way that the selected parameters could easily be evaluated in every patient. Additionally, parameters related to left atrial size were eliminated to allow the MRSS to serve as an independent reflection of disease severity when comparing severity score to LA : Ao or LA Vol/BW obtained from individual patients. Eight of the 12 patients in which diagnostic disagreement was identified had a moderate MRSS. This suggests that in many of these discrepant cases there was echocardiographic evidence unrelated to left atrial size that was consistent with advanced MMVD. This observation lends support to the conclusion that LAE identified by the LA Vol/BW method in these discrepant cases actually was present. There was no diagnostic disagreement in those dogs with a severe MRSS, suggesting that in cases of advanced MMVD, LA Vol/BW and LA : Ao both reliably detect severe LAE.
Additional study is needed to determine whether the prognostic value of LA Vol/BW is superior to that of LA : Ao. The traditional LA : Ao measurement is simpler and less time consuming to calculate than is LA Vol/BW, thus an advantage in patient monitoring, prognostic relevance, or both should be sought before exclusive use of LA Vol/BW can be recommended. A prospective longitudinal study investigating the use of LA Vol/BW in dogs affected with MMVD is warranted.
Limitations of this study include a significantly older study group relative to the control group. Given the acquired and highly prevalent nature of MMVD in dogs, an age-matched control group could not be obtained. Some studies in humans have detected an age-related increase in left atrial size, 32, 33 whereas others have not.
11, 34 Increasing left atrial size may not reflect normal aging, but rather subclinical pathology. 35 Recent research in dogs found no evidence for correlation between left atrial volume and age, but the median age of the dogs in that study was relatively low at 3.5 years. 14 Furthermore, in this study, we did not consider breed-related differences in left atrial volume between control and study populations. Significant differences in left atrial volume have been documented in dogs with normal cardiovascular status of different breeds. 14 Notably, none of the previously reported breed-specific left atrial volumes in normal dogs were above our established cut-off of 1.1 mL/kg with the exception of the Petit Basset Griffon Vendeen, which had an upper 95% percentile volume of 1.12 mL/kg.
14 Despite the many breeds represented in this study, we believe our suggested cut-off of 1.1 mL/kg for LA Vol/BW provided a reasonable delineation between normal and abnormal dogs. More work is needed to further characterize this proposed threshold. 36 Agreement between estimates of left atrial volume from RT3-D and 2-D echocardiography has not been investigated. Ideally, further research should be conducted to provide such comparisons; however, the more clinically relevant questions are related to the ease and accessibility of obtaining the measurements as well as their prognostic value, not necessarily to their ability to obtain volumes identical to those obtained by RT3-D echocardiography, MSCT or CMR.
In conclusion, we propose a cut-off value of 1.1 mL/ kg for LA Vol/BW measured in normal dogs using the biplane area-length method. Significant diagnostic disagreement in identification of LAE exists between LA Vol/BW and the traditionally used LA : Ao. LA Vol/ BW may be superior to LA : Ao in identification of mild LAE. 
